INTRODUCTION
There are many potential environmental stresses on corals. These include an elevation of seawater temperature, a high load of suspended particulate matter, lowering of salinity by freshwater input and an increase of inorganic nutrients concentrations by sewage discharge related to upland development. [1] [2] [3] [4] In order to model how anthropogenic changes affect the reef ecosystem, it is important to study effects of these various factors on corals. However, as a coral is a complex of a cnidarian animal, a symbiotic dinoflagellate and zooxanthellae, it is necessary to examine the influence of these factors on each organism. The effects of these environmental factors on symbiotic algae in vivo have been previously studied, and the changes of chlorophyll a content, cell density and photosynthetic activity have been determined. [5] [6] [7] The effects of high water temperature, high light intensity and UV irradiation on cultured symbiotic algae have also been reported. [8] [9] [10] However, the effects with low light intensity, salinity and inorganic nutrients concentrations have not been examined sufficiently.
In order to examine the photosynthetic activity of the symbiotic algae, photosystem 2 (PS2) activity measurements using DCMU (3-(3,4-dichlorophenyl)-1,1 dimethyl urea) may be effective. 11 The PS2 of cultured symbiotic algae is damaged by high temperature and UV radiation. 8, 10 This method has the advantage of measuring the activity of symbiotic algae in living corals because the animal tissue does not interfere much with fluorescence of chlorophyll. It is also easier than the oxygen probe or 14 CO 2 uptake methods for monitoring PS2 activity. The PS2 method has been used in planktonic community studies; the vertical/ horizontal variations and diel/seasonal fluctuations of PS2 activities have been successfully determined. 12, 13 The purpose of this study is to define the effects of water temperature, light intensity, salinity and inorganic nitrogen concentration on cultured symbiotic algae isolated from hermatypic corals and to examine possible changes of PS2 activity of these algae under stressed conditions.
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with the Corning color specification (c/s) 5-60 filter (excitation) and the Corning c/s 2-64 filter (emission) (Corning, New York, USA). Then 10 mM of DCMU was added and incubated for 30 min in the dark. The fluorescence after the DCMU addition (FD) was measured and the fluorescence response index (FRI) calculated as follows:
The cellular chlorophyll a content was calculated from the chlorophyll a concentration of the algal cell suspension measured by fluorometric method. 16 The cell density was determined by a hemacytometer.
Effects of inorganic nitrogen concentrations
The following four media were used: (i) modified ESM medium in which the nitrate salt was converted to ammonium salt; (ii) ammonium salt enriched aged seawater; (iii) ammonium and phosphate salt (N:P = 14:1 in molecule) enriched aged seawater; (iv) ammonium and phosphate salt (N : P = 14:1 in molecule) and a vitamin and trace metal mixture of Guillard's f/2 medium (biotin, 0.5 mg; vitamin B1, 100 mg; vitamin B12, 0.5 mg; Na 2 17 The ammonium salt concentrations were adjusted to 2-20 mM. The inorganic nitrogen and phosphorus concentrations of aged seawater were 0.2 mM and 0.12 mM, respectively. All of the media used in the experiments were sterilized through 0.22 mm cellulose ester membrane filter (Millipore MILLEX-GS; Millipore, Bedford, MA, USA).
The algae precultured twice in aged seawater for a week were inoculated into 100 mL of each medium to give an initial density of 4 ¥ 10 6 cells/mL. They were incubated at 28°C, 20 mEm -2 s -1 on a 12 h L:12 h D cycle under semi-continuous culture conditions (dilution rate = 0.1 per day). Each day 10 mL of culture was taken after a vigorous shake during the middle of the light period. Its cell density was counted with a hemacytometer. As it was shown that the enriched nitrogen was exhausted within a day in the preliminary experiments, 10 mL of new medium that was prepared with a 10-fold concentration of nitrogen was added to the culture to give the initial concentration as a total in the culture vessel. Growth rates in the experiments with 2 mM per day enrichment were determined from the increase of cell density over the first 3 days when the algae grew exponentially. The observed cell density was multiplied by 1.1 (day 2) or 1.1 2 (day 3) to correct the effect of dilution. The growth rates were calculated from linear regressions of plots of the log cell number versus time. After 7-8 days the cell density became stationary (the growth rate
MATERIALS AND METHODS

Maintenance of algal cultures
Symbiotic algae were isolated from two Hawaiian hermatypic corals by Dr RA Kinzie III, Hawaii Institute of Marine Biology. Strain P was from Pocillopora damicornis and strain M was from Montipora verrcosa. Both strains were not axenic cultures. They were cultured in 20 mL of natural seawater enriched medium (ESM) 14 at 24°C, with illumination provided by cool-white fluorescent tubes at 20 mEm -2 s -1 on a 14 h L:10 h D cycle. The medium was prepared with the aged seawater, which was collected from the Sea of Kumano in Japan, filtered through a GF/C filter (Whatman, Maidstone, UK) and preserved in a cool and dark room for more than several months.
Effects of temperature, light and salinity
Growth experiments were set up using the algae precultured for 2 weeks at 28°C, with illumination at 10 mEm -2 s -1 on a 14 h L:10 h D cycle in ESM medium of salinity at 35 PSU. Algal culture of 0.2 mL in log phase was inoculated into 2 mL of ESM medium in a 24-well culture plate (Greiner Labotechnik, Frickenhausen, Germany) and incubated under various temperatures (24-36°C), light (5-40 mEm -2 s -1 ) on a 14 h L:10 h D cycle and salinity (5-35 PSU) conditions. Because of the small volume of culture media, CO 2 supply was not completed but sterilized distilled water was filled into intermediate spaces between wells in the culture plate, and the plate was sealed tightly to avoid evaporation of media. As most algal cells attached to the bottom of the culture vessel, the cell number on the bottom of each well was checked daily using an inverted microscope to determine the algal growth phase. All of the measurements were taken during the middle of the light period.
During the exponential growth period, all cells in a well were harvested with a Teflon scraper, resuspended into the culture medium, and the cell number was counted with a hemacytometer. The measurements were taken daily over 3 days for four replicates. Growth rates were calculated from linear regressions of plots of the log cell number versus time. The correlation coefficients (r 2 ) of the three points were greater than 0.95 in all cases. Coefficient of variation of the growth rate was in all cases lower than 10%. A portion of harvested algal cells during 3 days was used to measure the PS2 activity and cellular chlorophyll a contents.
The PS2 activity of algal cells was determined from the cellular fluorescence capacity using photosystem 2 inhibitor DCMU (3-(3,4-dichlorophenyl)-1,1 dimethyl urea). 15 The algal cell suspension was incubated in the dark for 10 min, and the fluorescence intensity (F0) was measured with a Turner design 10-005R fluorometer (Sunnyvale, CA, USA) equipped with the blue lamp
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was ~0.1). On day 9, the algal cells were harvested and the cell density, cellular chlorophyll a content and photosynthetic activities (FRI) were determined as described earlier. The residual inorganic nitrogen concentrations (NH 4 + , NO 2 -+ NO 3 -) in the cultured media were also measured using the method of Nimura 18 and Grasshoff. 19 In some experiments, the gross photosynthesis of the algal culture was also determined under a saturated light intensity (300 mEm -2 s -1 ) using an oxygen probe (YSI model 5300; Yellow Spring, OH, USA).
PS2 activity of symbiotic algae in living corals
Twenty-three coral samples from four coral species were collected at Urasoko Bay, Ishigaki Island, Okinawa Prefecture in March 1997 and 1998 ( Table 2 ). The sampling site S1, located at the inner part of the bay, is poorly covered with corals while the sampling site S2, located at the bay mouth, is covered densely. Collected corals were placed in a tank at Japan Sea-Farming Association, Yaeyama Station, receiving a continuous supply of seawater from Urasoko Bay and exposed to sunlight.
A small portion of coral tissue was homogenized and filtered through cotton. The filtrate, including symbiotic algae, was centrifuged at 150 g for 5 min and the pellet of algae was washed with filtered seawater. This centrifugation-rinsing procedure was repeated three times. The PS2 activities (FRI) of the symbiotic algae resuspended in filtered seawater were determined as described earlier.
RESULTS
Effects of temperature, irradiance and salinity
The growth rate of strain P was similar at light intensity above 10 mEm -2 s -1 at 24-36°C under a moderate salinity condition (35 PSU). It is presumed that the growth rate is saturated at 10 mEm -2 s -1 . The algae grew fastest at 32°C, and the growth rates declined sharply at 36°C (Fig. 1) . Contrary to the growth rate, the maximum PS2 activity (FRI) was observed at 28°C and it declined at 32°C. The cellular chlorophyll a content tended to increase with higher temperatures and lower light intensities. The growth rate of strain M increased with increasing light intensity. In contrast with strain P, the growth rate of strain M was affected more by light intensity and was almost constant at all temperatures examined (24-36°C). Strain M had a lower PS2 activity (FRI) and a greater cellular chlorophyll a content than those of strain P.
In both strains, the low salinities (15-20 PSU) did not markedly affect the growth and PS2 activities (FRI) of the algae under moderate temperature conditions (28-32°C) (Fig. 2) . However, at 36°C, the low salinities significantly reduced PS2 activity (FRI) and the growth rate. At 24°C, PS2 activity was not affected but the growth rates were reduced under low salinity condition (15 PSU in strain P and 20 PSU in strain M). High (strain P) or low (strain M) light intensities further reduced the PS2 activity under low salinity and high temperature.
Effects of inorganic nitrogen concentrations
In most experiments, the algal cell number in the culture vessels increased during the first 3-4 days and then became stable. The total residual inorganic nitrogen concentrations (NH 4
) in the cultured media were under 0.5 mM, indicating that most enriched nitrogen was utilized by the algal cells. However, in the experiment with the ammonium enrichment of 20 mM per day, the residual inorganic nitrogen concentration in the medium was quite high at 6.1 mM.
In the 2 mM per day ammonium-enriched culture (Table 1) , the growth rate and the cellular chlorophyll a content of strain P increased by 1.5 and 1.3 times in comparison with the seawater alone, but the PS2 activity (FRI) was not affected. A similar tendency was found (but not significant) in strain M. The effects of phosphate supplement were not observed.
When the diluted modified ESM medium was used as the inorganic nitrogen enrichment (Fig. 3) , the cell density and cellular chlorophyll a content of strain P increased as a function of the concentration of enrichment. However, no increase in the gross photosynthesis per cell was observed at the enrichment over 5 mM per day. Furthermore, PS2 activity (FRI) decreased at 20 mM per day. In contrast, when ammonium alone was added, the PS2 activity (FRI) decreased steadily with increasing the concentration of ammonium, although the cellular chlorophyll a content increased as much as that in the ESM-enriched media. The addition of phosphate promoted an increase in the cell density and cellular gross photosynthesis while it did not promote PS2 activity. However, PS2 activity (FRI) was promoted with a supplement of vitamins and trace metals.
Photosynthetic activity of symbiotic algae in living corals
The PS2 activities (FRI) of symbiotic algae in corals ranged from 0.38 to 0.67 (Table 2) . These values correspond to the values of the cultured algae in moderate conditions as shown in Figs 1, 2 . However, for the corals grown in a tank for 1 year, the FRI decreased markedly. The grown corals Goniopora fascicularis and Goniopora spp. appeared to be in bad condition but Heliofungia actiniformis seemed in good condition. The diel change in FRI was not observed in G. fascicularis from 8:50 to Acropora spp. Slight differences were observed between coral species; the FRI of H. actiniformis collected in 1997 (0.38-0.44) was lower than that of other species. The difference of FRI between G. fascicularis (0.42-0.54 in 17:50 h and Goniopora sp. from 10:30 to 17:50 h in the experiment in 1997. In the experiment in 1998, the measurement was taken for 3 days after sampling and the FRI increased slightly during the growing period except for 
DISCUSSION
It is observed that an elevation of seawater temperatures leads to 'bleaching' of corals, a phenomenon in which the symbiotic algae are expelled from the coral tissues and the coral becomes white in color. 1, 2 The bleaching may occur because the animal cannot control the symbiotic system due to the excess algal growth or due to the excess active oxygen production during algal photosynthesis caused by higher temperatures. 10, 20 The threshold temperature of bleaching seems to be around 30°C from field observations and laboratory experiments. 21 In my experiment, two symbiotic algae isolated from hermatypic corals grew well at 32°C. However, the PS2 activity declined at 32°C. The mechanism of PS2 inhibition by high temperatures or UV irradiation is known to be caused by the generation of highly reactive hydroxyl radicals, 22 which are also toxic to the host animals. The result of this culture study is consistent with the idea that under high temperatures around 30°C, the algae grow too fast and generate too much activated oxygen for corals to keep their symbiotic relationships. Each algal strain isolated from different coral species showed different growth tendencies with varying The algal resistance against low salinity was influenced by the water temperature and light intensity. It has been shown that the resistance of the coral M. verrucosa to low salinity is also affected by both water temperature and light intensity, and coral mortality increased greatly at a salinity of 20 PSU. 24 In my experiment, however, strain M that was isolated from the same coral species, temperature and light intensity. Warner et al. 23 reported that elevated temperatures (32-34°C) disrupted the photosynthesis of symbiotic algae in living coral completely in two species and to a lesser extent in another two species examined. The tolerance of symbiotic algae to temperature stress may vary depending on host coral species. Values on the same column having the same superscript are not significantly different (P < 0.05). Each value is a mean of triplicate samples (average CV = 2.7%). Blanks mean that measurements were not carried out. Values on the same column having the same superscript are not significantly different (P > 0.05).
M. verrucosa did not show increased mortality under low salinity at 20 PSU at moderate temperatures. These results suggest that the symbiotic algae are more tolerant to low salinity than the host animal.
Symbiotic algae in corals can take up inorganic nitrogen from seawater and the enrichment of nitrogen to the seawater has been shown to lead to an increase of algal cell density and cellular pigment contents in the corals. 6, [25] [26] [27] As shown in the cultured symbiotic algae, ammonium enrichment up to 20 mM per day of ESM medium increased the cell densities in culture. However, its enrichment alone inhibited the PS2 activity of symbiotic algae significantly and either a vitamin or metal deficiency caused this. Cellular chlorophyll a content was increased with the concentration of nitrogen in ESM and ammonia solely enriched seawater but not in ammonium and phosphate enriched seawater either with or without vitamins and metals. Cell density also increased with ammonium and phosphate enrichment. The difference of the N/P ratio may cause the inconsistency between ESM and N + P + vitamins and metals enriched seawater as the N/P ratio (in molecule) in ESM is about 48, much higher than 14 in the NP enriched seawater medium. These data imply that imbalance in nutrient enrichment reduces the algal activity and that eutrophication of seawater involving N-enrichment would reduce the symbiotic algal activity by the limitation of other essential element(s).
As for measuring the photosynthetic activity of symbiotic algae in corals, PS2 activity measurements using DCMU, FRI, seem useful, as the animal tissue does not interfere much with fluorescence of chlorophyll. This method is also easier than the oxygen probe or 14 CO 2 uptake methods. In this study, the FRI of cultured coral symbiotic algae decreased under high water temperatures and imbalanced nitrogen enrichment. In some cases, FRI decreased while the growth rate did not change. This implies that FRI reflects these stresses more sensitively than the growth rate. The FRI value of the symbiotic algae in corals corresponded with those of cultured algae, and a heavy stress on corals (i.e. long rearing time) decreased the FRI of their symbiotic algae. However, the habitat of corals may affect the FRI of their symbiotic algae. The symbiotic algae in the deep-water living coral H. actiniformis have a lower FRI than those in the shallow, clearwater living corals such as Goniopora spp. have. Species specific variations, diel and annual variations should be carefully examined with FRI to compare the symbiotic algae under natural conditions for its practical use in the field.
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